We provide evidence that the energy landscapes of folded proteins do not shift with temperature, but the onset of functional dynamics is associated with its effective sampling. The motion of the backbone is described by three distinct regimes. One is associated with slow time scales of the activity along the envelope of the energy surface defining the folded protein.
force constant of the elastic body studied. 13 In other samples, the slope shows an increase during the transition temperature with an increase in the force constant at physiological temperatures. It has been argued that the dynamical transition is controlled by the solvent. 3, 14, 15 However, it is far from clear how the solvent effects the landscape, and which processes are onset with increasing temperature.
To gain insight into the processes involved, we study the equilibrium fluctuations and the relaxation phenomena of the fluctuation vector attached to the C α atoms of the bovine pancreatic trypsin inhibitor (BPTI) by molecular dynamics (MD). We confine our attention to the protein-water system. We report results from simulations on BPTI, using the Protein Data Bank 16 code 5pti 17 as the initial structure with a 6 Å thick hydration water layer at 13 different temperatures in the range 150 -320 K. The details of the simulations are given elsewhere. 8 We record trajectories of length 2.0 -4.8 ns depending on the temperature; as the size of the fluctuations increase at higher temperatures, more data are needed for a more reliable analysis. Each 400 ps portion of the trajectories is treated as a separate sample in the analysis.
We thus have 5 -12 data sets at each temperature, and the calculated quantities are averaged over these.
The fluctuation vector for the ith residue, ∆R i , is calculated as the difference of the actual atomic coordinates from those of a suitably determined average structure calculated for each sample data set, such that only the contributions from the motions of the internal coordinates are included. 8 Our analysis of the data reveals that around the folded state, residue fluctuations, <∆R i ·∆R i >, display the same characteristics irrespective of temperature.
Examples are shown for the C α atoms at temperatures below the protein dynamical transition temperature (149 K), during the transition (209 K), above the transition temperature (265 K), and right below the unfolding temperature (310 K); fluctuations from NMR experiments conducted at 310 K, averaged over the 20 best structures, are also presented for comparison.
We find that the details of the residue-by-residue fluctuations are very similar, although the magnitude of the fluctuations differ markedly. The common feature of the systems at all these temperatures is the average structure of the protein about which the fluctuations occur, an equilibrium property. This is a coarse approach to the analysis of the wealth of data produced by MD and will not give sufficient information on the details of relaxation behavior, a dynamical phenomenon. We characterize the motion of the fluctuation vector by a relaxation function which we term dynamic flexibility
where the bar denotes the average over all residues and the brackets represent the time average over all time windows of length t in the trajectory. In the present study, eq. 1 gives the details of the relaxation phenomena in the part of the potential energy surface restricted to the vicinity of the folded structure. The relatively large scale nature of these motions has contributions from different processes such as harmonic motions between bonded atoms, solvent effects, transitions between conformational substates of the backbone and side chains, as well as larger cooperative fluctuations occurring in, for example, the loop regions.
The overall relaxation may be thought of as the superposition of many different homogeneous processes with different relaxation times; † their collective effect on relaxation will be observed as heterogeneous dynamics, 19 † Note that an exponential decay of all contributing processes are assumed here. In the sub-picosecond regime, non-exponential contributions to relaxation phenomena, probably encompassing quantum mechanical effects, are known to exist. 18 Such time scales and motions are beyond the capacity of the current MD simulations, and are assumed to be averaged out at the time and length scales explored by the C α fluctuation dynamics.
which may be approximated by the stretched exponential, or the Kohlrausch-Williams-Watts (KWW) function 20, 21 
Here τ e is a temperature dependent effective relaxation time representing the average contribution of all the processes affecting the relaxation of the fluctuation vector.
reflects the complexity of the processes involved. It is 1 for a single process characterized by a simple exponential decay and it tends to decrease from 1, not only if a larger number of contributing processes (n > 1) are at play, but also if these processes have time and/or length scales spanning different orders of magnitudes.
Whereas it is evident τ e in eq. 3 is a dynamical parameter, more subtle is the association of β as a thermodynamic quantity. 8 Fluctuations in the thermodynamical entities such as the energy or volume can be used to depict phase transitions. Their characterization can be achieved by monitoring the relevant susceptibilities such as the heat capacity or isothermal compressibility. Since β was used to describe the protein dynamical transition, 8 we compare its temperature dependence to that of the system heat capacity in figure 2 . Both data may be represented by two plateau regions with a transition between them in the same temperature range. The best-fitting curves are drawn through the β data using a Boltzmann sigmoidal function given by
Here, β o and β 1 are the values before and after the transition, λ is a constant governing the slope of the rise during the transition; a similar expression can be written for the heat capacity data. λ is found to be 8.0 and 7.4, and the transition temperature T o is predicted from the inflection point as 193±5 K and 197±4 K from the heat capacity and stretch exponent data, respectively. Hence, the two curves can be said to describe the same type of phenomena, and that we can regard β as a type of susceptibility. Furthermore, the heat capacity reflects the added contributions of the n individual processes (eq. 2) to the overall energy fluctuations.
These arguments demonstrate that the dynamical aspects of residue fluctuations involve distinct events below and above the transition, with a gradual (over a temperature range of 50 K) onset of the new events as temperature increases. Our analysis of one variable (residue fluctuations) in two separate ways so far leads to two seemingly contradictory results. A simple way to obtain complex relaxation described by the KWW form of eq. 3 is to include two processes in eq. 2 with somewhat separate time scales, e.g. two orders of magnitude, 1 and 100 ps (too much separated time scales will lead to the averaging out of the faster one upon superposition of the two events). Let us also consider a third event with an intermediate time scale (e.g. 10 ps). The superimposed relaxation curves of the two former events, and all three events together, obtained from eq. 2, are shown in figure 3 . Also displayed are the curve fits to intermediate times using eq. 3. We find that the introduction of the transitional event increases β from ca. 0.2 to ca. 0.4, while decreasing τ e ; i.e. it leads to a faster relaxation, somewhat closer to a simple exponential decay.
Using the landscape perspective of proteins, we associate the processes governed by We hypothesize that the same behavior will be observed in all solvents that maintain a similar hydrogen bonding pattern to water. 23 The transition temperature, however, will be shifted depending on the identity of the bulk solvent. 15 Similarly, dehydrated proteins do not show the dynamical transition, because they do not maintain the right conformations on the protein surface, leading to shifts in the energy landscape. More studies in different solvents and on different proteins should be conducted to clarify these points.
The protein is a machine that takes a supply of disordered energy from the environment and converts it into an organized set of molecular motions such that the loop regions will sample a restricted set of conformations, including those essential for biological 
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